Arsenic contamination in shallow tubewell water is a serious health issue in Bangladesh and other Southeast Asian countries. Rural and remote areas in these locations continue to face tremendous challenges in providing access to affordable and safe arsenic-free drinking water.
Introduction
Bangladesh is a densely populated country with over 80% of the population living in rural areas. Like several developing Southeast Asian countries, Bangladeshi drinking water is contaminated with arsenic, and the country faces immeasurable health consequences as a result [1] . According to Tan et al. [2] 2010), 20% of deaths in Bangladesh can be attributed to arsenic poisoning due to various diseases including lung, skin, and bladder and kidney cancers. Moreover, researchers estimate that around half of the nation's 154 million people have been seriously exposed to arsenic contaminated drinking water [2] . The groundwater of 50 districts out of a total of 64 districts contained arsenic higher than the country standard for shallow tubewell drinking water (50 µg/L), and in around 60 districts surface water was contaminated with arsenic levels higher than WHO recommendations (10 µg/L) [3] . Uddin et al. [4] reports that the range of arsenic concentration in ground water of Bangladesh is between 0.25 µg/L to 1600 µg/L. One of the key challenges towards overcoming this problem is the development and implementation of technologies that meet several tough demands:
technically sound, robust in operation, cost effective, and environmentally compatible.
Several technologies have been tried for removal of high arsenic concentration arsenic from tubewell drinking water. The commonly used conventional methods employ adsorption processes -coagulation and ion exchange [4] . Incorporating such processes is viable economically only at a large scale in centralized water treatment plants, requiring heavy capital outlays and skilled staff in addition to the necessary distribution systems and their maintenance. Also conventional methods are most effective on As(V), whereas As(III) is more prevalent in groundwater [4] . Therefore alternatives are needed for distributed deployment and operation in small communities.
Reverse osmosis (RO), a widespread membrane technology for a broad range of capacities, exhibits very good to excellent separation efficiencies and has potential as a water treatment technology in this context. However drawbacks like formation of polarization film, fouling, high electricity consumption and brine disposal are limiting factors [5] . Several experimental results showed that reverse osmosis (RO) is an effective method for separation of arsenic up to 90%; however RO failed to remove arsenic concentration to safe levels when arsenic concentration is very high in the ground-water [6] . Membrane distillation (MD) has also been considered as an alternative technology for arsenic removal. In short MD is a thermal water purification process involving a hydrophobic, microporous membrane. Hot feed is kept on one side of the membrane, and a vapor pressure difference is established across the membrane via cooling on the opposite side. Water evaporates from the feed, passes through the membrane, and condenses; all non-volatile components are retained in the liquid phase, thus ensuring extremely high separation efficiency and high product water purity. Pangarkar and Sane [7] mention MD's advantages over other technologies like low-grade energy utilization, low pressure and cost, and possibility to integrate MD with combined electricity, heat, cooling, and other energy services (i.e. polygeneration). Qu et al. [8] experimentally investigated direct contact membrane distillation (DCMD) for arsenic removal; DCMD was found to have a higher removal efficiency rate (above 99.95%) than RO and also exhibited the ability to treat high-concentration arsenic solutions. Manna et al. [1] and Pal and Manna [9] achieved 100% As separation efficiency in a laboratory-scale DCMD unit supplied with heat from an evacuated tube solar collector. Small scale vacuum membrane distillation (VMD) was tested for arsenic contaminated water at low feed temperatures [10] , and excellent separation efficiency was demonstrated.
Air gap membrane distillation (AGMD) has also been proposed as a promising approach that combines the excellent separation characteristics of DCMD and VMD with lower specific thermal energy consumption [11] . Islam [12] studied arsenic removal by AGMD using a small-scale commercial prototype module and reported successful treatment of arseniccontaminated well water in Bangladesh. Kullab and Martin [13] investigated AGMD for flue gas condensate treatment in biomass-fired boilers; here product water in pilot-scale trials exhibited As levels less than 1µg/L, despite high contamination levels of a number of components in the feedstock. Recently Khan et al. [14] proposed a biogas integrated system with AGMD in Bangladesh for pure water and clean energy provision, and Kumar et al. [15] has presented a solar hot water system with integrated AGMD for water purification.
The above studies indicate that AGMD is a promising technology for producing arsenicfree drinking water, however further research is required to firmly quantify actual performance in terms of separation efficiency and thermal energy consumption for nearcommercial modules. Such data is necessary for the design of integrated small-scale polygeneration systems featuring MD. The present investigation addresses this issue via an experimental investigation of a household AGMD water purifier prototype (2 L/hr nominal capacity) supplied by HVR Water Purification AB, Stockholm (subsidiary of Scarab Development AB). A parametric variation of coolant-side inlet temperature was conducted for plain and As-spiked tap water, and the resulting yield and thermal energy consumption were determined. Fig. 1 (b) . The membrane material is PTFE (polytetrafluoroethylene, supplied by Gore) with a porosity of 80% and thickness of 0.2 mm. 
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The performance of the AGMD prototype is evaluated by analyzing pure water flow rates and specific thermal energy requirements (kWh/m³) as a function of feed and coolant temperature difference. As mentioned previously, experiments were performed for high and low temperature differences across the membrane for tap water and arsenic-spiked water. A feedstock-to-coolant temperature difference ΔT is defined for reference purposes:
where T fi and T ci are the inlet temperatures of the feed and coolant, respectively. which has implications for heat recovery on the cold side (see next section). Overall the performance of the AGMD commercial prototype is within expectations, although the permeate flux has been reported to be much higher in DCMD and VMD (2-6 times increase, respectively) [16, 17] . Internal heat recovery can be achieved by AGMD since the modules allow the latent heat of vaporization to be transferred to the coolant channel via the distillate. The specific thermal energy consumption has been estimated in two ways:
Enthalpy drop across the hot side,
Net enthalpy change,
where ̇ is the mass flow rate and is the specific heat for cold (subscript c), hot (subscript h), and product water streams (subscript p); subscripts i and o denote inlet and outlet, respectively. Fig. 3 shows this data as a function of feedstock-to-coolant temperature difference. Specific thermal energy consumption as defined by 1 shows a weak correlation to temperature, especially when considering the high level of uncertainty in propagated errors. The slight increase at higher ΔT is attributed mainly to the fact that the enthalpy drop across the hot feedstock side rises at a faster rate than the concomitant augmentation in product water yield (Fig. 2) . The opposite trend can be seen in the specific thermal energy consumption as defined by 2 , i.e. as the feedstock-coolant temperature difference is raised, the rate of increase in product water yield dominates over the difference in net feedstock and coolant enthalpy change. Moreover heat recovery is enhanced with higher driving forces, which is reflected in a reduction of 2 at higher feedstock-coolant temperature differences. 
Water quality analysis of arsenic-spiked tap water
For the tests presented in section 3.1, the conductivity of plain and arsenic-spiked tap water is about 250 μS/cm. Values of product water conductivity fluctuated on average between 0.6 and 1.5 μS/cm, indicating a very high purity level. Table 1 contains the water analysis of arsenic spiked tap water and product water (analyses conducted by Activation
Laboratories Ltd, Ontario, Canada). The results are very promising in terms of arsenic concentration in the distillate, which was at extremely low levels. while exhibiting reasonable yields, opening up further possibilities for thermal integration.
Considering the socio-economic situation of rural areas in Bangladesh, AGMD seems difficult to be applied alone due to high capital cost and energy consumption. Therefore, an integrated system could be one of feasible and viable alternative to solve the safe and arsenic free drinking water. The future aim is to develop and commercialize a simple low-cost polygeneration system with an integrated biogas digester, gas engine, and AGMD unit, and activities are already underway.
